Viral sequences can be integrated into the genome of a host either as an essential replication step for viral multiplication or as an non-viral lifecycle dependent insertion, such as non-homologous end joining or retrotransposon-mediated insertions \[[@r9]\]. When such insertions occur within the host germline cells, the inserted sequences can be passed on to the offspring of the host through Mendelian inheritance \[[@r17], [@r29]\]. These integrated viral sequences are called endogenous viral elements (EVEs), and numerous EVEs have been identified in eukaryotic genomes \[[@r1], [@r9], [@r19]\]. Interestingly, some EVEs are known to be indispensable for various physiological functions in their hosts \[[@r16], [@r23]\]. Thus, integration of viral sequences into host genomes can be a driving force for the evolution of eukaryotes. Additionally, EVEs can serve as sources of information about ancient viruses \[[@r5], [@r7], [@r15], [@r26]\]. Unlike non-viral organisms, body fossils of viruses do not exist. Therefore, it is difficult to investigate ancient viruses. However, because many EVEs have been integrated more than millions of years ago, they serve as viral molecular fossils and can serve as good clues to understanding the evolutionary history of viruses \[[@r1]\].

Bornaviruses are non-segmented negative-strand RNA viruses, belonging to the order *Mononegavirales* \[[@r28]\]. Although they do not require reverse transcription and integration of their genomes into the host genome for replication, numerous bornavirus-derived EVEs, named endogenous bornavirus-like elements (EBLs), have been found in animal genomes \[[@r2], [@r12], [@r19]\]. Thus far, bornaviral N (nucleoprotein), M (matrix protein), G (glycoprotein), and L (RNA-dependent RNA polymerase) gene-derived EBLs have been reported and designated as EBLN, EBLM, EBLG, and EBLL, respectively \[[@r2], [@r5], [@r7], [@r10], [@r12],[@r13],[@r14],[@r15], [@r19], [@r20]\]. Intriguingly, some EBLs seem to play functional roles in their hosts as RNAs or proteins \[[@r6], [@r13], [@r20], [@r24], [@r27]\], suggesting that bornaviruses have contributed to the evolution of their hosts. Additionally, as molecular fossils, EBLs have provided insights into ancient bornaviruses. EBLs have been found in diverse animal species, including those among which exogenous bornaviruses have not been detected \[[@r2], [@r5], [@r7], [@r10], [@r12],[@r13],[@r14],[@r15], [@r19], [@r20]\]. This suggests that the historical host range of bornaviruses is much broader than that previously expected. Moreover, many EBLs were endogenized more than millions of years ago \[[@r2], [@r5], [@r7], [@r10], [@r12],[@r13],[@r14], [@r19], [@r20]\]. Surprisingly, an afrotherian EBLN was reported to have integrated more than 65 million years ago (MYA) \[[@r19], [@r20]\]. Therefore, the history of bornaviruses can be dated back to more than 65 MYA.

Bats are mammals belonging to the order Chiroptera, which comprises approximately 20% of classified mammalian species \[[@r25]\]. They serve as reservoirs of the highly lethal zoonotic mononegaviruses, such as rabies virus, Hendra virus, Nipah virus, Ebola virus, and Marburg virus \[[@r3], [@r8]\]. Although exogenous bornaviruses have not yet been detected in bats, many EBLs exist in bat genomes, especially in vesper bats (the family Vespertilionidae) such as bats of the genus *Eptesicus* and *Myotis* \[[@r5], [@r13], [@r14]\]. This suggests that bornaviruses infected ancestral vesper bats in the past. Additionally, molecular evolutionary analyses suggested that bornaviruses have been associated with bats for 70 MY \[[@r5]\]. However, insertion dates of the EBLs were not well analyzed: only one insertion date was estimated, and only sequences in the publicly available databases were used for that study \[[@r5]\]. Currently, the sequences of only 13 bat species are available in the NCBI whole genome shotgun (WGS) database (as of February 2018), although more than 1200 bat species have been described \[[@r25]\]. Thus, database searches are sometimes not enough to determine the ages of EBLs because they provide imprecise data ranges. We previously reported that an EBLL in bats of the genus *Eptesicus*, named eEBLL-1, was endogenized at least 11.8 MYA through a combination of PCR and sequencing approaches, using genomic DNA samples from *E. nilssonii* and *E. serotinus*; species whose genome sequences are not available in the public database \[[@r13]\]. Additionally, ages of EBLNs in snakes were also determined with a similar approach \[[@r7]\]. Thus, such approaches are powerful for the performance of paleovirological studies at high resolution.

Here, we comprehensively analyzed insertion dates of EBLs in vesper bats by gene orthology analyses, using sequence data in the public databases and those identified with PCR and sequencing. We successfully estimated the minimum ages of 10 EBLs and both the minimum and maximum ages of 3 EBLs in bats of the genus *Myotis* and *Eptesicus.* These findings provide novel insights into the paleovirology of bornaviruses as well as the co-evolution between bats and bornaviruses.

MATERIALS AND METHODS {#s1}
=====================

tBLASTn search for the screening of EBLs in bats
------------------------------------------------

A tBLASTn search was performed against the NCBI WGS database for chiropterans (taxid: 9397) on April 25, 2017, using the amino acid sequences of Borna disease virus 1 (BoDV-1) (accession number: AJ311522) as queries. In this study, sequence hits with an e-value threshold of 10^−10^ and 10^−20^ were defined as EBLNs and EBLLs, respectively. Consecutive sequence hits in contigs located in reasonable positions were regarded as fragmented EBL elements.

Preparation of genomic DNA samples
----------------------------------

Genomic DNA of *E. nilssonii* was isolated from HAMOI-Enk cells, which were derived from the kidney \[[@r11]\], using QIAamp DNA Blood Mini kit (QIAGEN, Hilden, Germany). Genomic DNA of *M. daubentonii* and *M. nattereri* were kindly provided by Dr. Marcel Alexander Müller.

PCR and direct sequencing
-------------------------

All PCR amplifications were performed with Phusion Green Hot Start II High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, U.S.A.) according to the manufacturer's instructions. Briefly, the PCR reactions were carried out using 30 *n*g of genomic DNA in a final volume of 20 *µl*, containing 1 U Phusion DNA polymerase, 0.2 mM dNTP, 0.5 nM gene-specific primers, and 3% volume DMSO under the following conditions: denaturing at 98°C for 30 sec, 35 cycles at 98°C for 10 sec, 70°C for 30 sec, 70°C for 30 sec per kilobase (kb), followed by an extended elongation at 72°C for 10 min. The PCR products were analyzed by agarose gel electrophoresis. The amplicons were purified using the innuPREP PCRpure kit (Analytik Jena AG, Jena, Germany), and then sequenced at Fasmac Co., Ltd. (Atsugi, Japan). The sequences of primers used for successful amplification of EBLs are listed in [Table S1](#pdf_001){ref-type="supplementary-material"}. The other primer sequences (negative for PCR or sequencing primers) are available upon request. The determined sequences were deposited in DDBJ (accession numbers LC378417-LC378424).

Gene orthology analyses
-----------------------

Gene orthologies were determined with a combination of EBLs nucleotide sequences alignment and their flanking sequences, and detection of repetitive elements in the flanking regions. First, repetitive elements were searched by RepeatMasker (Smit, AFA, Hubley, R & Green, P., <http://www.repeatmasker.org>). The nucleotide sequences and the annotation files (GFF files) were then imported to Geneious version 10.1.3 (Biomatters Ltd., Auckland, New Zealand; [www.geneious.com](www.geneious.com)). These sequences were aligned with the MAFFT \[[@r18]\] plugin in Geneious using the E-INS-i algorithm. Finally, gene orthologies were determined by analyzing conserved nucleotide sequences and conserved patterns of repetitive elements (RepeatMasker score \>300) in the flanking regions.

EBL-empty loci (syntenic loci lacking EBL) were also determined by a combination of alignment and detection of repetitive elements as described above. BLASTn searches were performed against the WGS and RefSeq genome databases for Chiroptera (taxid: 9397) using EBLs and their flanking sequences as queries. The BLAST hits were retrieved and analyzed by RepeatMasker and multiple alignments as described above. Genomic loci lacking corresponding EBLs, but sharing similarities with flanking regions of EBLs were regarded as EBL-empty loci. All the multiple alignments are available upon request.

Estimation of insertion time of EBLs
------------------------------------

Insertion dates of EBLs were determined based on the gene orthologies. The divergent times of host species were estimated from TimeTree \[[@r21]\].

Phylogenetic analyses
---------------------

Nucleotide sequences of EBLNs or EBLLs in vesper bats were aligned by MAFFT using the E-INS-i algorithm \[[@r18]\]. Phylogenetic trees were inferred by the neighbor-joining method with p-distance using MEGA7 \[[@r22]\] The reliability of each internal branch was evaluated by 1,000 bootstrap replicates.

RESULTS {#s2}
=======

Detection of EBLs in genomes of vesper bats in the WGS database
---------------------------------------------------------------

For screening of EBLs in vesper bats, we performed a tBLASTn search using the amino acid sequence of each gene in BoDV-1. We found two EBLNs and three EBLLs in *E. fuscus*, and six EBLNs and 16 EBLLs in three species of bats of the genus *Myotis* ([Tables S2 and S3](#pdf_001){ref-type="supplementary-material"}). Except for an EBLL (myEBLL-4) in the genome of *M. brandtii* ([Table S3](#pdf_001){ref-type="supplementary-material"}), all the BLAST hits had already been identified as EBLs in previous studies \[[@r5], [@r13], [@r14]\].

Gene orthology analyses
-----------------------

Next, we tried to determine the ages of the detected EBLs. Whereas minimum ages of EBLs can be estimated by searching for orthologues, maximum ages of EBLs can be determined by identifying EBL-empty loci (that is, syntenic loci without corresponding EBLs) \[[@r1], [@r7]\]. Therefore, we determined the gene orthologies of the detected EBLs and searched for EBL-empty loci through a combination of database searches, PCR, and sequencing analyses. We performed BLASTn against all available bat WGS sequences (the order Chiroptera) in the NCBI database, using the sequences of the EBLNs and their flanking regions as queries. We retrieved the sequence hits and analyzed the sequence similarities and patterns of repetitive elements in the sequences ([Tables 1](#tbl_001){ref-type="table"}Table 1.Summary of the gene orthology analyses for EBLNName of EBL*MyotisEptiscus*myEBLN-1myEBLN-2myEBLN-3myEBLN-4eEBLN-1eEBLN-2*Myotis davidii*+Empty*Myotis brandtii*+++Empty*Myotis lucifugus*++*Myotis daubentonii*++*Myotis nattereri*++*Eptesicus fuscus*EmptyEmpty++*Eptesicus nillsonii*+Estimated age (MYA)16.2--3114.2--31At least 16.2Not determined15.3--31Not determined+, positive for an orthologous EBL; Empty, presence of an empty locus (a sytenic locus without EBL). and [2](#tbl_002){ref-type="table"}Table 2.Summary of the gene orthology analyses for EBLLName of EBLInter-familyInter-genus*MyotisEptesicus*UndefinedUndefinedmyEBLL-1myEBLL-2myEBLL-3myEBLL-4myEBLL-5myEBLL-6eEBLL-1eEBLL-2*Myotis davidii*+++++++Empty*Myotis brandtii*+++++Empty*Myotis lucifugus*+++++*Myotis daubentoniiMyotis nattereri*+*Eptesicus fuscus*++Empty+^a)^+*Eptesicus nillsonii*+^a)^+*Miniopterus natalensis*+*Pteronotus parnellii*+Estimated age (MYA)At least 53At least 3114.2--31At least 20.8At least 20.8At least 20.8At least 20.8Not determined15.3--3115.3--31+, positive for an orthologous EBL; Empty, presence of an empty locus (a sytenic locus without EBL). a) These EBLs were anlayzed in the previous study \[[@r13]\].). Using these data, we estimated the ages of EBLs in vesper bats as described chronologically below in detail.

Inter-family and inter-genus EBLs in bat genomes
------------------------------------------------

We found EBLLs that were shared across several families of bats. EBLLs detected in the three species of *Myotis* by tBLASTn (in ANKR01171284, ALWT01098736, and AAPE02024702) seemed to be orthologous ([Fig. S1a](#pdf_001){ref-type="supplementary-material"}). This EBLL is also shared by *E. fuscus*, *Miniopterus natalensis*, and *Pteronotus parnellii* ([Fig. S1a](#pdf_001){ref-type="supplementary-material"}). Thus, this EBLL may have been endogenized prior to the divergence of *Myotis*, *Eptesicus*, *Miniopterus*, and *Pteronotus*, which is estimated to be 53 MYA ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Bat evolution and integration of bornavirus-derived genes. A schematic phylogenetic tree of bats and endogenization events of bornaviral sequences are shown. Arrowheads and arrows indicate estimated endogenization events of EBLNs and EBLLs, respectively. Blue arrowheads and arrows show EBL insertions for which we could estimate only minimum ages. Orange ones indicate EBL integrations for which we could estimate both maximum and minimum ages. Species whose genomic DNA were used for the PCR and sequencing analyses are marked with circles. Divergent times are indicated in each internal node. The topology of the phylogenetic tree and the divergent times of bats were taken from TimeTree. Note that the insertion dates of some EBLs may have been underestimated (see Discussion). and [Table 2](#tbl_002){ref-type="table"}). This estimation is identical to a previous report that suggested this EBLL became endogenous at least 50 MYA, although that report described that this EBLL exists only in *M. davidii* and *P. parnellii* \[[@r5]\].

Next, we found that another EBLL is orhologous between the genera *Myotis* and *Eptesicus*. This inter-genus EBLL is shared by *E. fuscus* and *M. davidii* ([Fig. S1b](#pdf_001){ref-type="supplementary-material"}). We could not find any empty loci for this EBLL. Thus, this EBLL became endogenous prior to the divergence of bats of the genera *Myotis* and *Eptesicus*, which is estimated to be 31 MYA ([Fig. 1](#fig_001){ref-type="fig"} and [Table 2](#tbl_002){ref-type="table"}).

Genus-specific EBLs in the genomes of Myotis bats
-------------------------------------------------

Three lineages of EBLLs (named myEBLL-2, 3 and 4) are shared in three species of bats from the genus *Myotis* ([Fig. S2a--c](#pdf_001){ref-type="supplementary-material"}), suggesting that these EBLLs have endogenized before the divergence of these three species. Although some contigs in *E. fuscus* may be empty loci for myEBLL-2, 3 and 4, we could not determine any empty loci because of the short lengths of the contigs (data not shown). Thus, we concluded that myEBLL-2, 3 and 4 may have become endogenous at least 20.8 MYA ([Fig. 1](#fig_001){ref-type="fig"} and [Table 2](#tbl_002){ref-type="table"}).

We found that myEBLL-5 is orthologous between *M. davidii*, and *M. nattereri* whereby we detected myEBLL-5 in *M. davidii* by tBLASTn, and detected its orthologue in *M. nattereri* with PCR and sequencing ([Figs. S1d and S5d](#pdf_001){ref-type="supplementary-material"}). Thus, myEBLL-5 was integrated into the bat genome prior to the divergence of these two species, which is estimated to be 20.8 MYA ([Fig. 1](#fig_001){ref-type="fig"} and [Table 2](#tbl_002){ref-type="table"}). However, myEBLL-5 was not detected in *M. brandtii* and *M. lucifugus*, although it was excepted to be present based on the assumptions that endogenization occurred in the common ancestor ([Fig. 1](#fig_001){ref-type="fig"}).

Genus-specific EBLs in the genomes of Eptesicus bats
----------------------------------------------------

We identified that eEBLN-1 and eEBLL-2 are shared between *E. fuscus* and *E. nilssonii* by PCR and sequencing ([Figs. S2e, S2g and S6](#pdf_001){ref-type="supplementary-material"}). Additionally, through database searches, we found empty loci for eEBLN-1 and eEBLL-2 in *M. brandtii* and *M. davidii*, respectively ([Fig. S2e and S2g](#pdf_001){ref-type="supplementary-material"}).

We previously found that eEBLL-1 had been endogenized prior to the divergence of *E. fuscus* and *E. nilssonii* \[[@r13]\]. Here, we further identified an empty locus in a contig of *M. brandtii* which highly likely lacked EBLLs orthologous to eEBLL-1 ([Fig. S2f](#pdf_001){ref-type="supplementary-material"}). Although nucleotide sequences upstream of the target site duplication (TSD) of eEBLL-1, which can be the hallmark of the connection between host- and virus-derived sequences, are highly conserved between *E. fuscus* and *M. brandtii*, those downstream of the TSD are not alignable ([Fig. S2f](#pdf_001){ref-type="supplementary-material"}). Although we could not analyze the nucleotide sequence downstream of eEBLL-1 because of the limited length of the contig from *E. fuscus*, these observations suggest that eEBLL-1 was inserted into this region.

Taken together, eEBLN-1, eEBLL-1, and eEBLL-2 seems to have become endogenous before the divergence of *E. fuscus* and *E. nilssonii* and after the divergence of the genera *Eptesicus* and *Myotis*, indicating that the ages of these EBLs are estimated to be 15.3--31 MY ([Fig. 1](#fig_001){ref-type="fig"}, [Tables 1](#tbl_001){ref-type="table"} and [2](#tbl_002){ref-type="table"}).

Sub-genus specific EBLs in bats of the genus Myotis
---------------------------------------------------

We found that myEBLN-1is shared by four species of *Myotis* bats (*M. brandtii*, *M. lucifugus*, *M. daubentonii*, and *M. nattereri*). Through database searches, we revealed that myEBLN-1 is orthologous between *M. brandtii* and *M. lucifugus* ([Fig. 2c](#fig_002){ref-type="fig"}Fig. 2.Representative gene orthology analysis of an EBL. (a) A schematic diagram of the PCR analysis used to detect the myEBLN-1 and its flanking region. Primer pairs used for the PCR are depicted as arrows. The expected size (base pairs, bp) of the amplicon is shown. (b) PCR amplification of myEBLN-1 loci from genomic DNA of *M. daubentonii* and *M. nattereri.* Mk, DNA ladder marker; Md, *M. daubentonii*; Mn, *M. nattereri*. Note that the pictures were cropped from the original picture. The original picture is available upon request. (c) An alignment of myEBLN-1 and its empty loci. The names of species and the accession numbers or NCBI RefSeq numbers are shown on the left side. Sequence similarity is represented by the density of black color, and thin horizontal lines show gaps. EBLs detected by the tBLASTn screening are depicted as red arrow blocks, and repetitive elements are represented as arrow blocks below each of the sequences. The colors of the arrow blocks indicate the types of repetitive elements.). We also performed PCR analyses for these EBLNs using genomic DNA of *M. daubentonii* and *M. nattereri*, and detected bands of expected sizes whose sequences were almost identical to myEBLN-1 ([Fig. 2a--c](#fig_002){ref-type="fig"}). Additionally, we found empty loci for myEBLN-1 in the genome of *E. fuscus* ([Fig. 2c](#fig_002){ref-type="fig"}). These results suggest that myEBLN-1 was endogenized prior to the divergence of the four species and after the divergence of *Myotis* and *Eptesicus*, which are estimated to be 16.2 and 31 MYA, respectively ([Fig. 1](#fig_001){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}).

We found that myEBLN-3 is shared by *M. brandtii*, *M. dauubentonii*, and *M. nattereri* as follows. Although we could not identify any orthologue for myEBLN-3 using database searches, we detected myEBLN-3 orthologues in the genomes of *M. daubentonii* and *M. nattereri* using PCR and sequencing ([Figs. S3a and S5b](#pdf_001){ref-type="supplementary-material"}). Thus, the age of myEBLN-3 is more than 16.2 MY ([Fig. 1](#fig_001){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). However, we could not detect an orthologue of myEBLN-3 in the genome of *M. lucifugus,* although it was theoretically expected to be present (see Discussion).

Through database searches, we found that myEBLN-2 and myEBLL-1 are orthologous between *M. brandtii* and *M. lucifugus*, and their empty loci are present in the genome of *E. fuscus* ([Fig. S3b and S3c](#pdf_001){ref-type="supplementary-material"}). Our data suggests that these EBLs were integrated before the divergence of *M. brandtii* and *M. lucifugus*, and after the divergence of the genus *Myotis* and *Eptesicus*, which are estimated to be 14.2 and 31 MYA, respectively ([Fig. 1](#fig_001){ref-type="fig"}, [Tables 1](#tbl_001){ref-type="table"} and [2](#tbl_002){ref-type="table"}). We note that although we could not detect any band by PCR using genomic DNA of *M. daubentonii* and *M. nattereri* with primers binding to the flanking regions, we detected the expected bands when we used the same genomic DNA and performed the PCR with primers designed for myEBLN-2 ([Fig. S5a and Table S4](#pdf_001){ref-type="supplementary-material"}). The sequences of the bands showed a 94.7% identity to myEBLN-2. This may have been caused by a genomic deletion of the flanking region or may be due to independent integrations of similar viruses. However, because of their lack of flanking sequences, we could not further assess the above possibilities.

EBLs lacking orthologues
------------------------

For myEBLN-4, myEBLL-6, and eEBLN-2, we could not find any orthologues either from database searches or PCR. Regarding myEBLN-4 in *M. davidii*, we found very similar EBLNs in the genomes of *M. brandtii*, *M. lucifugus*, *M. daubentonii*, and *M. nattereri* with database searches and PCR ([Figs. S4a, S5c and Table S4](#pdf_001){ref-type="supplementary-material"}). However, we could not determine any gene orthology because the contigs and determined sequences were short, and thus, we could not analyze their flanking regions. myEBLL-6 was found in the genome of *M. davidii* by tBLASTn screening, but its orthologue was not detected in other bats in the genus *Myotis* either by database search or PCR. Intriguingly, a nucleotide sequence that is similar to the myEBLL-6 sequence (nucleotide identity: 89.1%) was detected in *E. fuscus* ([Fig. S4b and Table S5](#pdf_001){ref-type="supplementary-material"}). Although sequences flanking to the BLAST hit region were also very similar, we could not determine the gene orthology because we could not exclude the possibility that these regions were derived from bornavirus L gene but not detected as EBLL by tBLASTn due to low sequence similarity. In this case, the BLAST hit region corresponds to 770--922 amino acid residues of BoDV-1 L protein that consists of 1710 amino acids, and the flanking regions do not share any repetitive elements. Thus, more than 2000 nucleotides of upstream and downstream of the BLAST hit region might be derived from bornavirus L gene. As for eEBLN-2, although we found an empty locus in *M. davidii*, we could not detect any orthologue of eEBLN-2 in other species ([Fig. S4c and Table S4](#pdf_001){ref-type="supplementary-material"}).

Phylogenetic analyses
---------------------

To evaluate the phylogenetic relationships of EBLs, we performed phylogenetic analyses. Phylogenetic trees showed that each lineage of the EBLs forms a robust monophyletic clade ([Figs. 3](#fig_003){ref-type="fig"}Fig. 3.Phylogenetic tree of EBLNs in vesper bats. The phylogenetic tree was constructed based on nucleotide sequences of EBLNs in vesper bats using the neighbor-joining method with 1,000 bootstrap replicates. Bootstrap values more than 90% are indicated. Scale bar shows nucleotide substitutions per site. and [S7](#pdf_001){ref-type="supplementary-material"}). The EBLN in *M. nattereri* that is very similar to myEBLN-4 in *M. davidii* but for which gene orthology could not be determined (see the subsection *EBLs lacking orthologues*), is clustered phylogenetically with myEBLN-4.

DISCUSSION {#s3}
==========

In this study, we systematically investigated the ages of EBLs in vesper bats. We successfully determined the orthologies of many EBLs, which enabled us to investigate ancient bornaviruses at a higher resolution than in previous studies. Although several studies reported the presence of EBLs in vesper bats, only the ages of eEBLL-1 and an inter-family EBLL have been determined \[[@r5], [@r13]\]. One study, investigating the evolution of bat EBLs, suggested the long co-evolutionary history between bats and bornaviruses \[[@r5]\]. However, there was a limitation in that study: only sequences in the public database were used for the analyses, and thus, the insertion dates of EBLs were not precisely determined. To overcome this limitation, we adopted a combination of database searches, PCR, and a sequencing strategy, using the genomic DNA of bats. This allowed us to estimate the insertion dates of 13 EBLs in vesper bats. The integration events seemed to have occurred at different points during evolution, suggesting that vesper bats may have been repeatedly infected by bornaviruses over a long period of time. Thus, this study contributes to a deep understanding of the paleovirology of bornaviruses.

Here, we estimated the ages of EBLs in bats of the genus *Myotis* and *Eptesicus*; however, there is a limitation to this study: we may have underestimated the ages of some of the EBLs because of the following reasons. First, we could not determine gene orthologies for some EBLs because some contigs were too short to analyze their flanking sequences. In addition, for some EBLs, we could not amplify the DNA samples with the primers binding to the flanking regions, but could do so with primers binding to the EBL regions (e.g. myEBLN-2; [Table S4 and Fig. S3b](#pdf_001){ref-type="supplementary-material"}). This might be due to mismatches between our primers used and the flanking sequences. Although we also tested another primer pair binding to each of the flanking regions of these EBLs, we could not obtain any bands following gel electrophoresis (data not shown). Thus, the sequences of these flanking regions might be different from their corresponding sequences in other species due to mutations, insertions, deletions and/or recombination. Second, we realized that some species seemed to lack EBLs that theoretically should have existed in the genome. For example, we could not detect any myEBLN-3 orthologue in *M. lucifugus*, although this EBLN seems to have been integrated before the divergence of *M. brandtii*, *M. lucifugus*, *M. daubentonii* and *M. nattereri* ([Table 1](#tbl_001){ref-type="table"}, [Figs. 1](#fig_001){ref-type="fig"} and [S3a](#pdf_001){ref-type="supplementary-material"}). These observations could be attributed to genomic deletions after endogenization or incomplete lineage sorting, which cause discordance of species trees and gene trees as also proposed for endogenous retroviruses \[[@r30]\]. Alternatively, the WGS sequences might be incomplete. Further improvement in the quality of genome sequences will contribute to understanding paleovirology in more detail.

Interestingly, most of the EBLs seemed to have been integrated into the bat genomes after the divergence of their genera ([Fig. 1](#fig_001){ref-type="fig"}). This may be due to the activities of retrotransposons. Because bornaviruses do not encode either reverse-transcriptase or integrase, endogenization of bornavirus-derived sequences was considered to have been mediated by reverse-transcriptase of retrotransposons in the genomes of the hosts \[[@r2], [@r12]\]. Indeed, it was reported that some anthropoid EBLNs became endogenous when LINE-1 was active in the hosts \[[@r9]\]. In addition, we and others previously reported that poly-A stretches and target site duplications, which are known to be footprints of LINE-1-mediated integrations, are located near several EBLs. Therefore, it is plausible that LINE-1 was highly active when EBLs became endogenous in vesper bats. Alternatively, bats may have been frequently infected by bornaviruses during that era. Further analyses, such as the investigation of the ancient LINE-1 activity in vesper bats, like Cantrell *et al*. have done in megabats are needed to assess these hypotheses \[[@r4]\].

Here, we identified EBL orthologues in several species whose genome sequences are not available in the public database. Availability of sequences of EBL orthologues contributes to investigations of proteins encoded by ancient bornaviruses. Westerman *et al*. reconstructed the sequence of an ancient parvovirus from parvoviral EVEs and analyzed the property of the protein. Such analyses would provide information about ancient viral proteins \[[@r26]\]. Accumulation of such data for diverse EVEs will be useful to understanding paleovirology. Moreover, identification of EBL orthologues can be used for the examination of natural selection in EBLs. As previously reported, several EBLs were reported to have evolved under negative selection \[[@r13], [@r20]\]. Thus, the identified sequence information can serve as clues for understanding the biological significance of EBLs in their host species.

This study also provides insights into the co-evolution between bornaviruses and vesper bats. As described previously, eEBLL-1, which is referred to as efEBLL-1 in this study and is highly conserved among bats of the genus *Eptesicus*, retains a large and intact ORF derived from an RNA-dependent RNA polymerase gene of an ancient bornavirus \[[@r13]\]. Interestingly, among the two EBLNs and four EBLLs in bats of the genus *Eptesicus*, only eEBLL-1 has maintained the intact ORF, whereas those of the other EBLs were disrupted during the evolution. Again, this strongly suggests that eEBLL-1 encodes a functional protein in bats of the genus *Eptesicus*; regarding the other EBLs, they may have become pseudogenes. Alternatively, they may encode non-coding RNAs or truncated proteins. Further studies, such as transcriptome and biological analyses, are necessary to understand the functions of EBLs in these bats.

Taken together, this study has expanded our knowledge of ancient bornavirus infections during evolution as well as the co-evolution between bats and bornaviruses. Similar studies would have to be conducted with other non-retroviral EVEs to contribute to the understanding of the evolutionary history of bornaviruses.
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